Abstract:
Mutations in fibrillin-1 result in Marfan Syndrome, demonstrating a critical requirement for microfibrils in vessel structure and function. However, the identity and function of many microfibril-associated molecules essential for vascular development and function have yet to be characterized. In our morpholino-based screen for members of the secretome required for vascular development, we identified a key player in microfibril formation in zebrafish only.
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Introduction:
Extensive studies have shown that proper vascular development requires complex interactions among hematopoietic cells, endothelial cells and supporting cells such as smooth muscle cells (1) (2) (3) (4) . Advances have been made in elucidating the role of extracellular matrix (ECM) components such as the integrins, the laminins and the proteoglycans in modulating cellular behaviors of endothelial cells and vascular smooth muscle cells including migration, contractility, proliferation and apoptosis (5) (6) (7) (8) . However, increasing evidence suggests that the structural elements of ECM components are also critical players in orchestrating proper vascular morphogenesis and function. For example, Fibrillin-1 is a component of the microfibrils which represent a major fibrillar network in the connective tissues within the cardiovascular system (9) .
Dissecting aortic aneurysm is a major vascular abnormality of Marfan syndrome, a clinical entity associated with mutations in the fibrillin-1 gene (10) . The idea that fibrillin-1 is more than a structural protein has been substantiated by studies demonstrating fibrillin-1 participating in TGF-ß signaling in lung development and mitral valve disease (11) (12) . Fibrillin-1 has also been implicated in vascular matrix remodeling by modulating the release of matrix metalloproteases in patients with bicuspid aortic valve malformations (13) . In spite of the increasing evidence that has begun to shed light on the diverse roles played by some major structural elements of the ECM in vascular morphogenesis and function, many molecular players that render the dynamic role of the ECM in vascular biology remain to be identified.
Microfibrils represent one critical component in the extracellular matrix of the cardiovascular system and are present in the elastic fibers of the vessel wall. Elastic fibers, which are composed of an elastin core surrounded by microfibrils, lend elasticity and resilience to the tissues. Microfibrils are proposed to regulate elastic fiber formation by guiding the only.
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Biochemical analyses have revealed two large extracellular glycoproteins, Fibrillin-1 and Fibrillin-2, as the major components that constitute the backbone of the microfibrils (14) (15) .
Several molecules have been shown to physically associate with microfibrils (16, 17, 18) .
Immunolocalization studies have shown that Microfibril-associated Glycoprotein-1 (MAGP-1, also known as MFAP-2), a small molecular weight glycoprotein, is localized to the "beads" of microfibrils (19) . MAGP-1, along with its structural relative, MAGP-2, constitutes a small unique family of microfibrillar proteins (20) (21) . The mammalian genes for MAGP-1 have been isolated in human (22) (23) , mouse (24) and bovine (25) . Previous in vitro studies have shown the ability of MAGP-1 to bind tropo-elastin, the elastin precursor protein, and antibodies directed against a domain near the amino-terminus of MAGP-1 are able to block the incorporation of tropo-elastin into elastic fibers by cultured chondrocytes (26, 27) . MAGP-1 has also been shown to directly bind fibrillin-1 in vitro (46) . However, the role of MAGP-1 in microfibril assembly and its in vivo function were previously unknown.
As part of a morpholino-based vascular screen for members of the secretome required for vascular development, we have identified MAGP-1 as a key player in microfibril and elastic fiber formation during zebrafish embryogenesis. The conservation of vascular development in vertebrates (28) and the capacity to effectively target this process using morpholino knockdowns (29) are the basis for our morpholino-based screen for novel genes essential for vascular development. Morpholinos were designed based on 5′ leader sequences from a collection of zebrafish expression sequence tags (ESTs) with high homology to a human, Drosophila, or Fugu genes. Bioinformatics methods to enrich for partial sequences of cell-surface or secreted proteins based on full-length reference protein data sets have been determined as previously only.
For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From described (30) (31) . As part of this ongoing effort, Syndecan-2, a cell-surface heparan sulfate proteoglycan, has previously been shown to play an essential role in angiogenesis during vascular development in zebrafish (32) . We report here the characterization of another gene, MAGP-1, identified from the morpholino-based vascular screen.
In this study, we show that a critical balance of MAGP-1 protein levels is required for proper vascular morphogenesis, as both under-and over-expression of MAGP-1 perturbs 
Materials and Methods:
Morpholino sequences and injections. The morpholino phosphorodiamidate oligonucleotides (morpholinos), from Gene Tools, LLC, have the following sequences: DsRed reporter DNA were injected independently into embryos at the 1-cell stage. The expression of DsRed was visualized using a rhodamine filter set as previously described (33) .
only.
For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From Raising and staging embryos. Embryos were raised at 29° C. Zebrafish embryos were staged using standard morphological criteria (34), prior to fixation and analysis to compensate for any observed developmental delay. Transcript levels of zebrafish EF1α were used as a PCR control with the primers: 5'-GGACACAGAGACTTCATCA-3' and 5'-GGCATCAAGAAGAGTAGT-3'. The 'touchdown' PCR program (see above) was used for PCR reactions.
Cloning of zebrafish

Microangiography. Fluorescein isothiocyanate-(FITC-) dextran dye or Tetramethylrhodamine
Isothiocyanate-dextran-(TRITC-) dye at 20 mg/mL in 0.3X Danieau buffer was microinjected into the common cardinal vein of zebrafish embryos at 44-48 hours post-fertilization as described (32) . The microangiograms were visualized using the band pass-FITC and the rhodamine filter sets as previously described (33) . DIG-labelled anti-sense RNA was synthesized using the T3 polymerase in conjunction with in vitro DIG labelling kit (Roche). Zebrafish in situ hybridization procedure was performed as previously described (38) .
For sectioning, embryos were embedded in molten paraplast (Sigma). Tissue sections at 7 μm each were placed on superfrost microscope slides (Fisher), cleared with toluene and mounted using permount (Sigma).
Histological analysis. Zebrafish embryos at 44-48 hpf were fixed in 4% paraformaldehye in PBS overnight, followed by two toluene washes (5-10 minutes each) and were subsequently embedded in paraffin. Tissue sections at 7 μM were obtained for histological processing.
Visualization of elastin staining was performed using a protocol adapted from the manufacturer (Sigma). Briefly, once the deparaffinized tissues were rehydrated, the slides were placed in the working elastin solution (20 ml hematoxylin, 3 ml ferric chloride, 8 ml Weigert's iodine solution and 5 ml deionized water for 36 ml working solution) for 5-10 minutes. After a rinse in tap water, the tissues were differentiated in working ferric chloride solution (3 ml ferric chloride solution and 37 ml deionized water for 40 ml working solution) for about 2 minutes. The slides were then rinsed in tap water and 95% ethanol, followed by staining in Van Gieson solution for about 1 minute. The tissues were dehydrated in 95% ethanol, cleared in toluene and mounted in permount. (Fig. 1 B) . However, an examination of MAGP-1 MO-injected Tg(fli-1:EGFP) embryos under the GFP filter set revealed vascular defects including dilated vessels in the brain and the eyes (Fig. 1 D, arrowheads) , irregular lumens of axial vessels (Fig. 1 F, arrows) , and a dilated caudal vein ( Fig. 1 H, arrows) with altered venous plexus formation (Fig. 1 H, arrowheads) . Microangiography was conducted to assess the integrity of the circulation in MAGP-1 MO-injected embryos. Lumenized vessels were observed throughout MAGP-1 MO-injected embryos (Fig. 1 P) .
However, pooling of the microangiography dye was observed in severely dilated vessels (arrowheads in suggesting that maturation of the elastic fibers does not occur until relatively late in embryonic development. Compared to wild-type embryos, the elastic fibers were fragmented around the region where dilated vessels were observed in MAGP-1 morphant embryos (Fig. 3 B, arrowheads) at around 48 hpf. This result suggests an important role played by MAGP-1 in elastic fiber assembly during vascular development.
To assess the integrity of the vessel wall architecture in MAGP-1 morphant embryos, hematoxylin and eosin staining was conducted. Compared to wild-type embryos, there is a
looser association among cells lining the dilated vessels. Detachment of the cells from the underlying tissue was observed (arrowheads in the bottom panel of Fig. 3 D) . A reduction or lack of venous plexus formation in MAGP-1 morphant embryos was indicated by the enlarged lumen of a cavernous vessel in the caudal vein region (Fig. 3 D) . These results suggest that MAGP-1 is required for maintaining the structural integrity of the vessel wall and venous plexus morphogenesis.
Identification and mRNA expression analysis of MAGP-1. The zebrafish MAGP-1 gene was originally identified from our ongoing morpholino-based screen. The morpholino targeted against the MAGP-1 gene was designed based on the 5′ untranslated region (UTR) identified in the cDNA for the MAGP-1 gene. The full-length zebrafish MAGP-1 cDNA was subsequently isolated from a 24 hpf embryonic cDNA library (Fig. 3 A; also see Materials and Methods).
Based on amino acid sequence comparisons, zebrafish MAGP-1 clusters to the vertebrate MAGP-1 family (Fig. 4 B) with 61% identity to mouse MAGP-1 (MFAP-2) and 61% identity to human MAGP-1 (MFAP-2). The function of MAGP-1 protein is likely conserved, as the introduction of mouse MAGP-1 by the injection of mouse MAGP-1 expression construct was able to alleviate the vascular defects in zebrafish MAGP-1 morphant embryos (Fig. 4 C, compare column 2 to column 1; p = 0.04).
In situ hybridization was conducted to determine the expression pattern of zebrafish MAGP-1 mRNA during embryonic development. At the 16-somite stage, MAGP-1 is expressed in the somitic mesoderm (Fig. 4 D, arrowheads in the dorsal view) and the notochord (Fig. 4 D, white arrow in dorsal view). At 22 hpf (26-somite stage), expression of MAGP-1 in the mesendoderm persists while its expression in the somites begins to be down-regulated, as it is (Fig. 4 E) . At 24 hpf, expression of MAGP-1 is detected in the caudal-most somites, the ventromedial somites and the cells surrounding the dorsal aorta and the cardinal vein (Fig. 4 F and 4 G, arrows) . Examination of cross-sections from a 24 hpf embryo also revealed expression of MAGP-1 in the connective tissues between the somites and the neural tube (Fig. 4 G, top arrowheads) , and the intersomitic region (Fig. 4 G, red   arrowheads) . This localized expression of MAGP-1 marks the regions of elastic fiber formation (compare Fig. 4 G to Fig. 3 C) . Expression of MAGP-1 along the trunk persists at 33 hpf (data not shown) and is also detected in vessels around the eye and those posterior to the eye (Fig. 4 H, white and black arrowheads, respectively), where dilation was observed in MAGP-1 morphants. To assess whether MAGP-1 influences cell-cell adhesion interaction in the developing vasculature, morpholinos against the vascular cadherin gene VE-cadherin (45) and MAGP-1 MO were co-injected into embryos. In contrast to work with the integrin antagonist (above), no synergy was noted when both VE-cadherin and MAGP-1 function was partially compromised (data not shown). This suggests that a deficiency in cadherin-based adhesion is not a primary mechanism underlying the vascular phenotypes observed in MAGP-1 morphant embryos.
Distribution of a functional
However, the possibility of functional redundancy among the cadherins can not be excluded from these analyses.
Comparison of zebrafish fibrillin-1 (FBN-1) and MAGP-1 morphant phenotypes. MAGP-1
is one of the proteins that associate with fibrillin-containing microfibrils (19) . Direct physical interaction between FBN-1 and MAGP-1 has also been demonstrated using in vitro coimmunoprecipitation assay (46) . This raises the possibility that Fibrillin-1 and MAGP-1 may play a collaborative role during vascular development. To test this hypothesis, the phenotypes of (Fig. 7 B, arrowheads) and dilated vessels in the head and the eyes (Fig. 7 D, arrowheads) at 30-31 hpf. The two splice-site FBN-1 MOs generated similar vascular defects at high frequency (Fig. 7 E) . (Fig. 7 F) 
Clinical applications for MAGP-1 in cardiovascular diseases
This study implicates an essential role for MAGP-1 in vascular morphogenesis and function, results with a potential implication on a variety of clinical applications in cardiovascular disease. 
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